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Abstract

The aim of this study was to gain a deeper understanding of the role of
the visual pigment in retinal damage and its contribution to initial pathways in
the pathogenesis of age-related macular-degeneration (AMD).

Initially, the kinetics of all-trans-retinal (ATR) hydrolysis from opsin and
its reduction to retinol formation were determined. Based on the results,
singlet oxygen generation was investigated as a function of ATR position and
the availability of cofactors required for retinol formation. The yield of singlet
oxygen generated by ATR increased upon hydrolysis of ATR from opsin and
further, upon its release to the disc membrane. The presence of ATP and
NADPH did not influence the signals significantly.

(Photo)cytotoxicity studies revealed that both ATR and its degradation
products (dATR) are toxic to cells, with dATR having a more deleterious
effect. Toxic effects of dATR were prevented by a-tocopherol, retinol and
phosphatidylethanolamine, whereas none of hydrophilic antioxidants tested
exerted a substantial effect.

Both ATR and dATR exhibited a similar ability to generate singlet
oxygen when excited with visible light, whereas products of ATR degradation
were characterised by greater photosensitising properties than ATR for
shorter wavelengths. The yield of singlet oxygen for retinol was lower than for
ATR in acetone. Although, retinyl ascorbate has a great potential to be a
strong singlet oxygen quencher, the difference in the quenching rate was not
found to be statistically significant when compared with all-trans-retinol or
ascorbyl paimitate.

Accumulation of products of rhodopsin bleaching increased the
formation of lipofuscin-like inclusion bodies. Exposure of cells to light was
associated with higher levels of fluorescence characteristic for oxidised
cellular components.

In summary, the results suggest that products of visual pigment
bleaching may contribute to the toxic effects of light on the retina. In
conjunction with published findings, it supports the theory that ATR can play
an important role in causing RPE dysfunction as occuring in retinal aging and
AMD.
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1. Introduction

11 General introduction

Age-related macular degeneration (AMD) is the predominant cause of vision
loss in the elderly in developed countries. The disease mainly affects the outer
part of the retina: photoreceptors and the retinal pigment epithelium (RPE)
(Pulido, 2002). The RPE is believed to be the primary site of dysfunction. As
photoreceptors rely on the RPE for their survival and performing their function in
vision, RPE dysfunction leads to dysfunction and loss of photoreceptors.
Photoreceptor outer segments are in close proximity to the RPE and are
extremely susceptible to oxidative damage imposing a risk that damage
spreads to the RPE. However, the mechanism responsible for initiating that
damage is not clear.

The regenerable visual pigment rhodopsin has been shown to be an essential
factor for retinal damage, and many studies have revealed a positive correlation
between the rhodopsin content in the retina and the degree of retinal damage
(Noell et al., 1966; Organisciak et al., 1991; Organisciak and Winkler; 1994;
Grimm et al., 2000; Grimm et al., 2001). It is hypothesised that the correlation
between the retinal damage and rhodopsin is caused by all-trans-retinal (ATR)
formed after rhodopsin bleaching. ATR is a potent photosensitiser and its
contribution to the photodamage of the retina has been suspected for over two
decades. It has been shown to contribute to lipid and protein damage followed
by enzyme dysfunction and formation of products not susceptible to lysosomal
degradation (Sun and Nathans, 2001). Availability of ATR in the retina and
exposure to light have been shown to be the main factors responsible for
accumulation of lipofuscin granules - a product of incomplete lysosomal
digestion of shed and phagocytosed apical tips of POS, within the RPE (Katz et
al.,, 1999; Katz and Redmond, 2001). This thesis aims to provide further
understanding of the role of the visual pigment in retinal damage contributing to
the onset of photoreceptor damage, RPE dysfunction and AMD.
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This introduction will provide a background to the normal structure and functions
of photoreceptors and the RPE and discuss a role of the visual pigment and
light in retinal damage.

1.2 The retina

1.2.1 Structure

The retina is composed of the neural part and the RPE (Oyster, 1999). The
neural retina is a thin layer of tissue with purple/red colouring due to the
presence of visual pigments. This part contains the following layers: outer
segments of photoreceptors, inner segments of photoreceptors, external limiting
membrane, outer nuclear layer, outer plexiform layer, inner nuclear layer, inner
plexiform layer, ganglion cell layer, optic fiber layer and inner limiting membrane
(according to Cohen, 1992).

1.2.2 Blood flow in the retina

The retina is characterised by high metabolic activity that is correlated with its
blood supply. Most of the blood to the inner retina is supplied by the central
retinal arteries, whereas the outer part of the retina, including RPE and
photoreceptors are supplied by the choriocapillaris, which lies beneath Bruch'’s
membrane (Pulido, 2002). The choriocapillaris produces a high blood flow rate,
therefore, this part of the retina is very well oxygenated. It has significant
consequences in relation to photo-oxidative damage. Blood flow in the neural
retina is autoregulated — the changes depend on the nutritional demands of the
tissue. The blood-retina barrier is provided by the tight junctions of endothelial
cells of retinal blood vessels and of the RPE (Forrester et al., 2002).
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1. Introduction

microfilaments and the greatest concentration of melanin granules. Polarised
distribution of melanin is present only in young RPE and with age, melanin
granules become distributed more and more uniformly throughout the cell
(Weiter et al., 1986). The nucleus, all cell elements responsible for reactions of
synthesis and lysosomes, are localised in the middle part (Marmor, 1998).

The size of epithelial cells in the region of the macula is in the range of
10-14 pm in diameter. They increase their size toward the periphery, becoming
broader and flatter. In the periphery, the number of photoreceptors overlying
each epithelial cell is roughly constant — about 45 photoreceptors per cell. The
mean cone-to-RPE ratio for the foveal center in the human eye has been
determined to be 23:1 (Gao and Hollyfield, 1992).

1.2.3.2 Role of the RPE

The RPE, as a part of the retina, plays a critical role in the proper process of
vision. It provides a crucial support for photoreceptors (Strauss, 2005). The
RPE forms a pigmented wall at the back of the eye, increasing optical quality by
absorption of light passing through photoreceptors and therefore reducing
scattered light. Pigments such as melanin can absorb light energy that could
otherwise lead to pro-oxidative processes.

The RPE also contains a range of enzymes, which are engaged in membrane
transport, changes of waste products, metabolism of visual pigment, regulation
of the environment of photoreceptors and the RPE by humoral and growth
factors (Marmor, 1998). Two growth factors are important in particular: vascular
endothelial growth factor (VEGF) and pigment epithelium derived growth factor
(PEDF). They play an important role in controlling angiogenesis, and it appears
that the ratio between pro-angiogenic VEGF and anti-angiogenic PEDF is
critical to maintain proper functions of the eye (Bhutto ef al., 2006). Upregulated
VEGF with decreased levels of PEDF has been shown to be characteristic of
the neovascular form of AMD (Lopez et al., 1996; Bhutto et al., 2006).
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The plasma membrane of RPE contains various receptors and channels for
metabolites and ions, which determine their transport (Fox et al., 1988,
Kindzelskii et al., 2004). The RPE also regulates the transport of nutrients and
metabolites such as amino acids and glucose (Ostwald and Steinberg, 1981;
Takagi et al., 1994). The RPE can transport water and ions from the apical side
or the subretinal space to the blood via its basolateral side (Strauss, 2007). It is
also responsible for delivery of docosahexaenoic acid (DHA) to photoreceptors
— a phospholipid necessary to build tissue of neurons, which is particularly
abundant in photoreceptor membranes, accounting there for 80% of long chain
polyunsaturated fatty acids (Fliesler and Anderson, 1983). The RPE is able to
preferentially take up DHA in a concentration-dependent manner.

Due to RPE involvement, a disposal of large quantities of photoreceptor
membranes is possible. These epithelial cells are able to phagocytose
photoreceptor outer segments and digest waste products allowing them to be
renewed (Anderson et al., 1978). Enzymes of the RPE are also involved in the
visual cycle. Metabolism of retinoids involves the presence of a specific
isomerising system to form the 11-cis-retinoid conformation, allowing the visual
pigment chromophore 11-cis-retinal from all-trans-retinoids to be synthesised
(Lamb and Pugh, 2004).

It has been shown that the RPE is one of the structures responsible for
formation and maintenance of the interphotoreceptor matrix (IPM), which is
localised in the extracellular space between the photoreceptors of the retina and
the apical surface of the RPE. The bonding properties and viscosity of the IPM
are controlled by the RPE and they are critical for retinal adhesion and proper
functioning of photoreceptors (Jablonski et al., 2000). All the functions of the
RPE are summarised in the Fig. 1.2.








































































































































































































































































































































































































































































































































































































































































































































































































































































